A total of 11 Bartonella isolates were recovered from the blood of Melomys, Uromys and Rattus species in Australia and were characterized using phenotypic and genotypic methods.
Comparison of 16S rRNA gene, ftsZ, gltA and 16S-23S rRNA internal transcribed spacer region sequences from the isolates indicated that they formed three sequence similarity groups that were distinct from one another and from the currently recognized Bartonella species. Phylogenetic analysis based on alignment of concatenated sequences inferred distinct evolutionary lineages for each of the three groups within the genus Bartonella. On the basis of these data, we propose the isolates be accommodated in three novel Bartonella species, namely Bartonella rattaustraliani sp. Bacteria of the genus Bartonella (a member of the Alphaproteobacteria) are fastidious, Gram-negative and aerobic bacilli. The genus currently consists of 19 species, including three subspecies of Bartonella vinsonii, and some subtypes of Bartonella quintana and Bartonella henselae. Of these, among species with validly published names, Bartonella elizabethae, B. bacilliformis, B. quintana, B. koehlerae, B. henselae, B. grahamii, B. alastica, B. clarridgeiae and the three subspecies of B. vinsonii have been recognized as potential human pathogens, in addition to currently unnamed isolates (Breitschwerdt & Kordick, 2000; Chomel et al., 2006a; Minnick & Anderson, 2006; Eremeeva et al., 2007; Kosoy et al., 2008) . Numerous reports have been made of the worldwide occurrence of Bartonella organisms in ruminants, rodents and pets (Chomel et al., 2006b ). There has been increased interest in the isolation and description of novel species of the genus (Castle et al., 2004) . Recent studies have shown that bartonellae were widely distributed among rodents in southern China (Ying et al., 2002) , Thailand (Castle et al., 2004) and Bangladesh (Bai et al., 2007) . To our knowledge, no isolates have previously been recovered from rats in Australia. The purpose of the present study was to characterize a group of Bartonella strains isolated from rodents in Australia.
Animal blood was collected during two separate mammal surveys carried out in Queensland, Australia, in 1999. The first was performed by the Australian Army and involved collection of tissues and blood from mammals trapped in central Queensland. The second survey was carried out by Queensland Health and involved trapping small mammals in north Queensland. Blood was collected from each animal and transferred to the laboratory where, upon arrival, the samples were placed at 280 u C for long-term storage.
Each vial of blood was thawed for isolation of Bartonella strains, which was carried out as described previously (Heller et al., 1998) . Putative bartonella colonies were subcultured by streaking onto heart infusion agar plates supplemented with 5 % defibrinated sheep blood (Microdiagnostics). Cultures were then stored frozen in brain heart infusion broth containing glycerol. Cultures were retrieved from frozen storage and subjected to DNA extraction using Qiagen blood kits. PCR was then performed as described previously (La Scola et al., 2002) . Cultures that were positive by PCR were shipped frozen on dry ice to the Unité des Rickettsies of the Faculté de Médecine at Marseille, France, for further studies.
Electron microscopy was performed for size determination and flagella study. Bacterial isolates were grown in solid and liquid media and submitted to electron microscopy as described previously (Maillard et al., 2004) . Briefly, the bacteria were suspended in PBS (0.145 M NaCl, 0.15 M sodium phosphate), spread on a water surface and adsorbed to Formvar-coated nickel grids, stained with 1 % (w/v) uranyl acetate and air-dried. Samples were examined with a Philips transmission electron microscope.
Molecular characterization was performed by sequence analysis of the 16S rRNA gene, the 16S-23S rRNA internal transcribed spacer (ITS) and the ftsZ, rpoB and gltA genes according to methods described previously (Birtles et al., 1995; Birtles & Raoult, 1996; Renesto et al., 2001; Zeaiter et al., 2002; Houpikian & Raoult, 2001) . For gltA, a 964 bp fragment encompassing the 326 bp hypervariable region was sequenced. The hypervariable region was used for similarity comparisons for consistency with our earlier study (La Scola et al., 2003) , whereas the large fragment was used for phylogeny as it was expected to be more informative in phylogenetic tree reconstruction.
Eleven Bartonella isolates from Australian rats were studied: two from Rattus tunneyi, one from Rattus fuscipes, one from Uromys caudimaculatus, two from Rattus conatus, three from Rattus leucopus and two from Melomys sp. Based on phenotypic characteristics (small, Gram-negative bacilli better observed by Gimenez staining, slow growth on blood agar but not on nutrient agar), the organisms were initially suspected to be Bartonella strains.
The ranges of sequence similarity of the isolates to the closest members of Bartonella for the 16S rRNA gene, ITS, ftsZ, rpoB and gltA sequence were respectively 98.9-99.7, 80.5-94.2, 89.1-98.3, 89.5-95.9 and 89.0-95.4 % ( Table 1) . The 11 isolates were scattered into two different clusters in the neighbour-joining phylogenetic tree constructed with concatenated 16S rRNA gene, ITS, ftsZ, rpoB and gltA sequences (cluster 1: AUST/NH4 T , AUST/NH9, AUST/ NH10, AUST/NH14 and AUST/NH18; cluster 2a: AUST/ NH5, AUST/NH8, AUST/NH11, AUST/NH12
T and AUST/NH15; cluster 2b: AUST/NH20 T ) ( Fig. 1 ; accession numbers for individual reference sequences are detailed in Supplementary Table S1, available in IJSEM Online. This suggested that these isolates could represent three novel species. In the concatenated phylogenetic tree, cluster 1 isolates shared a branch with Bartonella tribocorum, B. grahamii and B. elizabethae. The branching pattern and distribution of the new isolates in trees constructed with individual genes were the same as in the concatenated tree ( Supplementary Fig. S1 ). The branching of members of cluster 2 is more difficult to appreciate, as it is not supported by high bootstrap values in the concatenated tree or in the individual trees. We proposed to classify these isolates in three novel species, Bartonella rattaustraliani sp. nov. (isolates AUST/NH4
T , AUST/NH9, AUST/NH10, AUST/NH14 and AUST/NH18), Bartonella queenslandensis sp. nov. (isolates AUST/NH5, AUST/NH8, AUST/NH11, AUST/NH12
T and AUST/NH15) and Bartonella coopersplainsensis sp. nov. (isolate AUST/NH20 T ). The ranges of similarity of these novel species to their closest relatives and levels of intraspecies similarity are summarized in Table 2 . The latter isolate AUST/NH20
T was closely related to but distinct from isolates of cluster 2a, as its closest relatives were the novel strain AUST/NH4 T (B. rattaustraliani sp. nov.) for the gltA, rpoB and ftsZ sequences, with 92.3, 93.8 and 92.9 % similarity, respectively, and B. grahamii V2
T for the 16S rRNA gene and ITS sequences, with 98.7 and 81.9 % similarity, respectively.
The ad hoc committee for the re-evaluation of the species definition in bacteriology has previously proposed that descriptions of novel species could be based on housekeeping gene sequence analysis with a comparison of at least five genes, provided there is a sufficient degree of congruence between the technique used and DNA-DNA reassociation (Stackebrandt et al., 2002) . For Bartonella species, it was added that there should be congruence of multilocus gene analysis with results of phylogenetic analysis based on gene sequence analysis that give high bootstrap values (Pitulle et al., 2002) . In a study by La Scola et al. (2003) , we compared similarities of several coding sequences between known species of Bartonella and identified that several genes such as ribC could not provide firm evidence that a new isolate of Bartonella represented a novel species. For this gene, in nearly all cases, similarity between species did not exceed 93 %; however, for two species, it was as high as 99.5 %, suggesting horizontal gene transfer (La Scola et al., 2003) . Of the genes studied, only partial rpoB and gltA sequences, with respective interspecies similarities of 95.4 and 96 %, allowed clear discrimination of all species. From these data, we proposed that newly encountered Bartonella isolates should be considered to represent novel species if the hypervariable 327 bp gltA fragment shares less than 96 % sequence similarity and if a 825 bp rpoB fragment shares less than 95.4 % sequence similarity with sequences of strains of species with validly published names (La Scola et al., 2003) . In the present case, through analysis of 825 bp rpoB sequences, five isolates, AUST/NH5, AUST/NH8, AUST/NH11, AUST/NH12
T and AUST/NH15, showed 95.5-96.0 % similarity with members of the closest species. These values are above the proposed cut-off value of 95.4 %. However, these five isolates show 92.3-95.4 % similarity to strains of known Bartonella species for the 327 bp gltA fragment, for which the determined cut-off value is 96.0 % (La Scola et al., 2003) . Thus, in the present study, as the rpoB gene sequence similarities exceeded the proposed cut-off, analysis of the sequences of more genes had to be performed. However, it should be noticed that gltA and rpoB fragments still give the highest confidence for definition of novel species as, in all cases, the intraspecies similarity of sequences from B. rattaustraliani and B. coopersplainsensis strains is greater than the interspecies similarity.
In the concatenated phylogenetic tree, strains of the newly proposed species B. queenslandensis branched strictly with B. tribocorum, B. elizabethae and B. grahamii. B. rattaustraliani and B. coopersplainsensis branched consistently with Bartonella doshiae and B. taylorii (Fig. 1) , but the relationships with other species are not well-defined.
In conclusion, for the first time, Bartonella species have been recovered from rats in Australia. The sequences of five genomic regions, gltA, rpoB, the 16S rRNA gene, ftsZ and the ITS region, reveal similarity values in the range that allows the isolates to be afforded distinct species status. To fulfil the rules of the International Code of Nomenclature of Bacteria (Lapage et al., 1992) , we provide the following descriptions of the novel species identified in this investigation.
Description of Bartonella rattaustraliani sp. nov.
Bartonella rattaustraliani (ratt.aus.tra.li.a9ni. N.L. n. Rattus zoological name of a genus of rat; N.L. adj. australianus Australian; N.L. gen. n. rattaustraliani of an Australian rat, from which the first strains were isolated).
All five known isolates assigned to the species exhibit all of the characteristics of the genus (Birtles et al., 1995) . Good growth is observed on Columbia agar with 5 % sheep blood in a 5 % CO 2 atmosphere at 37 u C, where colonies appear small, white, smooth and irregular (about 0.5 mm in diameter) after 7 days. Electron microscope examination reveals small bacilli without flagella, approx. 1-2 mm long by 0.5 mm wide. Gram-negative and Gimenez-positive. All known strains are susceptible to antibiotics such as aminoglycosides, macrolides, doxycycline and rifampicin, but are resistant to vancomycin. Moreover, imipenem is more effective against all known strains except AUST/ Three novel Bartonella species in Australian rats NH4 T . The type strain of the species is non-motile. It is differentiated genetically from other Bartonella species on the basis of sequences of the 16S rRNA, ftsZ, gltA and rpoB genes and the ITS region.
The type strain is AUST/NH4 T (5CIP 109051 T 5CCUG 52161 T 5CSUR B609 T ), isolated from blood of a wild rat of the species Rattus tunneyi. Other isolates belonging to the same species, isolated from the blood of rats, are AUST/ NH9 (5CIP 109055 5CCUG 52164 5CSUR B610) from Uromys caudimaculatus, AUST/NH10 (5CIP 109054 5CCUG 52165 5CSUR B611) from Rattus leucopus, AUST/NH14 (5CIP 109059 5CCUG 52169 5CSUR B612) from Rattus conatus and AUST/NH18 (5CIP 109063 5CCUG 52173 5CSUR B613) from Melomys sp.
Description of Bartonella queenslandensis sp. nov.
Bartonella queenslandensis (queens.lan.den9sis. N.L. fem. adj. queenslandensis referring to Queensland, the Australian state where the rats were trapped from which the first strains were isolated).
All six known isolates assigned to the species exhibit all of the characteristics of the genus (Birtles et al., 1995) . Good growth is observed on Columbia agar with 5 % sheep blood in a 5 % CO 2 atmosphere at 37 u C, where colonies appear small, white, smooth and irregular (about 0.5 mm in diameter) after 7 days. Electron microscope examination reveals small bacilli without flagella, approximately 1-2 mm long by 0.5 mm wide. Gram-negative, Gimenez-positive. All known strains show susceptibility to aminoglycosides, macrolides, doxycycline and rifampicin, but are resistant to vancomycin. Furthermore, imipenem is more effective against all strains. The type strain of the species is nonmotile. It is differentiated genetically from other Bartonella species on the basis of sequences of the 16S rRNA, ftsZ, gltA and rpoB genes and the ITS region.
The type strain is AUST/NH12 T (5CIP 109057 T 5CCUG 52167 T 5CSUR B617 T ), isolated from blood of a wild rat belonging to the genus Melomys. Other isolates belonging to the species, isolated from the blood of rats, are AUST/ NH5 (5CIP 109052 5CCUG 52162 5CSUR B614) from Rattus tunneyi, AUST/NH8 (5CIP 109053 5CCUG 52163 5CSUR B615) from Rattus fuscipes, AUST/NH11 (5CIP 109056 5CCUG 52166 5CSUR B616) from Rattus conatus and AUST/NH15 (5CIP 109060 5CCUG 52170 5CSUR B618) from Rattus leucopus.
Description of Bartonella coopersplainsensis sp. nov.
Bartonella coopersplainsensis (coo.pers.plain.sen9sis. N.L. fem. adj. coopersplainsensis pertaining to Coopers Plains, Queensland, the name of the area where the rat was trapped from which the type strain was isolated).
The single known isolate assigned to this species exhibits all of the characteristics of the genus (Birtles et al., 1995) . Good growth is observed on Columbia agar with 5 % sheep blood in a 5 % CO 2 atmosphere at 37 u C, where colonies appear small, white, smooth and irregular (about 0.5 mm in diameter) after 20 days. Electron microscope examination reveals small bacilli without flagella, approximately 1-2 mm long by 0.5 mm wide. Gram-negative and Gimenezpositive, and non-motile. Susceptible to aminoglycosides, macrolides, doxycycline and rifampicin; resistant to vancomycin, and imipenem is more effective against the type strain. Differentiated genetically from other Bartonella species on the basis of sequences of the 16S rRNA, ftsZ, gltA and rpoB genes and the ITS region.
The type strain is AUST/NH20 T (5CIP 109064 T 5CCUG 52174 T 5CSUR B619 T ), isolated from blood of a wild rat of the species Rattus leucopus. 
